Long-distance animal movements can increase exposure to diverse parasites, but can also reduce infection risk through escape from contaminated habitats or culling of infected individuals. These mechanisms have been demonstrated within and between populations in single-host/singleparasite interactions, but how long-distance movement behaviours shape parasite diversity and prevalence across host taxa is largely unknown. Using a comparative approach, we analyse the parasite communities of 93 migratory, nomadic and resident ungulate species. We find that migrants have higher parasite species richness than residents or nomads, even after considering other factors known to influence parasite diversity, such as body size and host geographical range area. Further analyses support a novel 'environmental tracking' hypothesis, whereby migration allows parasites to experience environments favourable to transmission year-round. In addition, the social aggregation and large group sizes that facilitate migration might increase infection risk for migrants. By contrast, we find little support for previously proposed hypotheses, including migratory escape and culling, in explaining the relationship between host movement and parasitism in mammals at this cross-species scale. Our findings, which support mechanistic links between long-distance movement and increased parasite richness at the species level, could help predict the effects of future environmental change on parasitism in migratory animals.
Introduction
Long-distance movements, most notably seasonal migration, are widespread across animal taxa [1] . These movements can have profound consequences for many ecological processes [2] , including host-pathogen interactions [3, 4] . In fact, escape from harmful parasites may be one of the evolutionary drivers of seasonal migration [5] , but these interactions are complex, and studies from various scales have shown that migrants can have both higher [6] [7] [8] and lower [9, 10] levels of parasitism than residents. Established relationships between movement behaviour and infection patterns are largely based on studies of the prevalence (i.e. the proportion of a population that is infected by a given parasite) of one or a few parasite species in a single host species [10, 11] . In contrast, few studies have examined how movement behaviour affects the diversity of parasites across large numbers of host species, with some notable exceptions focused on birds [6] [7] [8] 12] . This is an important gap, especially given that mobility is a key predictor of infection risk at the population level [11] and that highly mobile animal taxa are important sources for parasites of domestic animals and humans [13] . Further, many highly mobile animals are nomadic, moving in a less predictable manner than seasonal migrants (in regards to timing, direction or both) [14] , but hypotheses about nomadic movements and parasitism are less developed. Comparing parasite diversity and prevalence across migratory, nomadic and resident taxa can help identify the ecological and evolutionary mechanisms that underlie relationships between long-distance movement and infection risk.
Migration can increase infection risk through at least two different mechanisms: environmental sampling and environmental tracking (figure 1). As migrants move annually between distant breeding and wintering grounds, they can acquire diverse parasites through exposure to parasite environmental stages, interactions with diverse heterospecifics and/or contact with other populations of conspecifics [2, 8, 12, 15] . Similarly, nomadic animals may encounter diverse parasite species because of their large ranging area [16] (figure 1a). This process of environmental sampling is frequently proposed to explain positive relationships between migration and parasitism [15] . Migration could also increase parasite diversity because migrants experience less environmental variability than residents in seasonal environments. As they move between distant habitats, many migrants track environmental conditions favourable to resource availability ('surfing the green wave' [17] ) and avoid exposure to climate extremes [18, 19] . Environmental tracking could promote year-round parasite transmission by increasing host exposure to infectious environmental stages or pathogen vectors that survive better in mild climates [20] , which might increase both parasite diversity and infection prevalence in migrants (figure 1b). In contrast, nomads tend to live in environments that are variable or resource-limited year-round [14, 21] , which could limit parasite survival and transmission (figure 1b). Latitudinal trends in parasite diversity in primates [22] and humans [23] are consistent with harsher environments supporting lower parasitism. Previous studies have shown that mild climates promote parasite survival [24, 25] , most prominently in the broad context of how climate change alters disease dynamics. Here, we propose that favourable environmental conditions could be a mechanism underlying a positive relationship between migration and parasitism.
Migration has also been suggested to decrease parasite survival and transmission if migrants (and their parasites) experience harsh environmental conditions or physiological stress during migratory journeys [26, 27] . Migration can remove infected individuals during strenuous journeys (migratory culling) [26, 27] and/or kill parasites as migrants move across strong environmental gradients (migratory recovery) [28] . The harsh environments inhabited by nomads could replicate these effects, especially because long-distance movements are particularly costly under low-resource conditions [29] (figure 1c). In addition, migration can allow animals to escape habitats where parasite infectious stages have accumulated and/or move to areas where parasite diversity is low due to harsh environmental conditions at other times of the year (migratory escape) [3, 27, 30, 31] . Similarly, the irregularity of nomadic movements might reduce the frequency of resampling the same environments, further diminishing parasite diversity in nomads (figure 1d).
Here, we present the first large-scale comparative study of the relationship between parasitism and movement strategy in mammals, using the ungulates (orders Artiodactyla and Perissodactyla) as a model group that includes many migratory land animals [32] . Ungulates are globally distributed with a variety of movement strategies, including seasonal migration, nomadism and range residency. Long-distance movements in ungulates are primarily driven by changes in food availability and energetic costs due to temperature, precipitation and/or snow cover [5, 33] , but can also be linked to predation [5] . Partial migration is also common in ungulates [34, 35] , which could further modify the mechanisms proposed for fully migratory populations. The parasites of wild ungulates have been intensively studied [11, 36] , in part because of the importance of these animals as a resource for humans, and also because they can alter infectious disease dynamics in closely related domestic livestock [13] . Highly mobile ungulates are threatened by human activities [37, 38] , as evidenced by recent declines in both their population sizes and the scope of their long-distance movements [37, 38] . Understanding the link between host movement and parasite diversity is important for anticipating changes in overall biodiversity in the face of changing environments.
Our analysis examined the degree to which host movement strategy predicts variation in the diversity and prevalence of both micro-and macroparasites in ungulates (see Material and methods). Our predictions, summarized in figure 1 , are as follows. (i) If environmental sampling increases parasite exposure in highly mobile hosts, then both migratory and nomadic species will have higher parasite species richness (the number of parasite species infecting a single host species) than resident species, but average infection prevalence will be similar among groups, because sampling is unlikely to affect parasite survival. Migratory and nomadic species will also have more diverse habitats represented within their geographical ranges than residents. (ii) If environmental tracking increases parasite transmission, then migratory hosts will have greater parasite diversity and infection prevalence than either residents or nomads, but species with different movement modes will not necessarily differ in the diversity of habitats within their geographical ranges. (iii) Alternatively, if migratory escape and culling reduce parasite transmission and the survival of infected hosts, then parasite diversity and prevalence will be lower in migratory and nomadic hosts than in residents. To determine whether movement behaviour acts separately from other mechanisms known to influence parasitism across host species, we considered additional predictors of parasite diversity, including host geographical range area, body size and social grouping [39] [40] [41] [42] [43] ; we also calculated a metric of habitat diversity in each species's range to differentiate between the processes of environmental sampling and environmental tracking.
Material and methods (a) Host -parasite infection data
We used the Global Mammal Parasite Database 2.0 (GMPD), which contains host -parasite association records reported from literature for free-ranging populations of Artiodactyla and Perissodactyla [36] . For each ungulate host species, we counted the observed parasite species richness in the GMPD [40, 43, 44] . To account for uneven sampling effort across host species (electronic supplementary material, figure S1), we calculated the estimated parasite species richness in each host species using the Chao2 estimator [45] (following Huang et al. [44] ). We also controlled for sampling effort using an alternative method, following additional previously published approaches [40,42 -44] . Because results were similar across the different methods, we report only results using the Chao2 estimator in the main text; we provide further details on parasite richness estimates in the electronic supplementary material and on sensitivity tests of the Chao2 estimator below.
(b) Host movement data
We gathered data on the movement strategy of each ungulate species from published definitions and descriptions (electronic supplementary material, data 1). We used descriptions of species' movement patterns from the journal Mammalian Species, other published literature and the online databases Animal Diversity Web and Ultimate Ungulate. Using these data, we categorized population movement patterns as migratory, nomadic or resident, based on definitions in Mueller & Fagan [14] . Additional details on movement data compilation are reported in the electronic supplementary material. Because many ungulate species have intraspecific variation in movement behaviour (e.g. [34, 35, 46] ), we assigned a species-level movement strategy hierarchically. Species with any migratory populations were considered migratory; species that were nomadic but not migratory were considered nomadic; and species were considered resident only if there was no evidence for migration or nomadism. To examine the sensitivity of our results to this hierarchical scheme, we also used two alternative categorizations: one where we excluded 12 species that were both migratory and nomadic, and one where we included 'migratory/nomadic' as a fourth movement category. We focus our discussion on the results based on the original hierarchical categorization, but these alternative schemes produced similar results (electronic supplementary material, tables S1 and S2).
(c) Additional variables
We considered other host traits that could drive parasite species richness [11, 39, 42, 44] (electronic supplementary material, data 2). These traits were: host adult body mass and population group size, derived from the PanTHERIA database [47] ; geographical range area (in km 2 ) and the mid-range latitude calculated from IUCN species distribution maps [48] ; and the number of WWF ecoregions [49] that overlapped with the species's geographical range (from IUCN range maps) as a measure of habitat diversity. Additional details on life-history and geographical range data are available in the electronic supplementary material.
(d) Data analysis
We used a suite of linear models to analyse predictors of estimated parasite species richness. The candidate explanatory variables were: movement strategy, body mass (log), geographical range area (log), number of ecoregions within the species's geographical range (log) and absolute mid-range latitude. Population group size was not included in these analyses because data were available for only a small number of host species (n ¼ 24 of 93 ungulate hosts), but a preliminary analysis of these data are presented in the Discussion. Models predicted estimated parasite species richness (log) from all combinations of these variables (with no interactions), excluding models that included both geographical range area and number of ecoregions because they were highly collinear (following [50] ). We selected the models with the lowest AICc (DAICc , 2) as the set of models best predicting parasite species richness [51] , and used Akaike weights within this set to produce the average best model [51, 52] . Separately, we examined whether species with different movement strategies differ in their geographical range area, habitat diversity, body mass and population group size.
To evaluate the effectiveness of the Chao2 estimator in controlling for sampling effort, we first tested for a signal of sampling effort in the residuals of our averaged model, using the number of hits for a species's Latin binomial on Web of Science (WOS) (collected on 2 November 2016) as a measure of sampling effort (following [40, [42] [43] [44] ). Based on the results of this analysis, we used a set of models that explicitly considered sampling effort by including sampling effort (log) as an additional explanatory variable and a weighting scheme based on the number of individuals sampled per species in the GMPD. These models predicted raw (rather than estimated) parasite species richness; the model selection process was identical to that described above.
Closely related species often have similar traits, so we tested for a phylogenetic signal in the residuals of the averaged model by calculating Pagel's l [53] using phylogeny from the mammalian supertree [54] . We found no evidence for phylogenetic structure in the residuals of our model (l ¼ 6.75 Â 10 25 ; DAIC ¼ 0.005 when comparing this value to a model where l ¼ 0), so we did not repeat the analyses using a phylogenetically informed method. We also investigated whether movement behaviour predicts estimated species richness of subsets of parasites (macroparasites versus microparasites and contact-transmitted versus environmentally transmitted parasites). For each parasite group, we constructed a set of linear models predicting estimated species richness of that group used the same model averaging process as for the full dataset. These models included movement strategy, number of ecoregions and body mass as explanatory variables.
Some GMPD records also include infection prevalence data, which were recorded for 89% of entries included in this analysis. We used these data to compare the prevalence of individual parasite species that infect both migratory and resident hosts; nomadic hosts had too few prevalence records to be included in this analysis. For each parasite species, we found the difference in average prevalence between migratory and resident host species and then analysed this difference in prevalence using an intercept-only linear model.
We conducted all analyses in R v. 3.4.1 [55] , with packages 'rgdal' [56] and 'raster' [57] for processing and analysing spatial data; package 'MuMIn' for AICc calculation and model averaging [58] ; modified functions from the package 'phylosignal' for calculating Pagel's l [59] ; and the 'multcomp' package [60] for multiple comparisons. Additional details on all analyses are available in the electronic supplementary material.
Results
Our final dataset included 93 ungulate species hosting 765 unique parasite species. The sampled parasite species richness of a single host species ranged from 1 to 118 parasite species. Using the Chao2 estimator, estimated parasite species richness was up to 142 parasite species per host. Of the 93 host species, 35 showed evidence for migratory behaviour, 10 were nomadic but not migratory, and 48 were resident only.
Four models best explained parasite diversity (i.e. DAIC c , 2; electronic supplementary material, table S3). In the average model produced from these four models, movement strategy and habitat diversity were the strongest predictors of parasite species richness (table 1) . Migratory species had a richer parasite community than resident or nomadic species ( figure 2a; table 1) ; of the species present in the database, the averaged model predicted that the average migratory host would harbour 2.4 and 3.7 times as many unique parasite species as resident and nomadic hosts, respectively. The parasite species richness of nomadic and resident hosts was not significantly different (figure 2). When considered separately, species with both migratory and nomadic populations (n ¼ 12) had parasite species richness similar to migrants (electronic supplementary material, table S2).
In addition to movement strategy, we detected a robust signal of habitat diversity, where species with more ecoregions within their geographical ranges had richer parasite communities. However, despite the strong relationship between habitat diversity and geographical range area (r ¼ 0.90), geographical range area was not included in any of the four top models. In addition, there was no systematic difference in geographical range area or habitat diversity between species with different movement strategies (electronic supplementary material, figure S2 ). Host body mass and latitude were included in some of the top models, but were not strong Table 1 . Model results from the averaged models predicting estimated parasite species richness (log). 'Lower' and 'upper' represent the bounds of a 95% confidence interval for each parameter. Candidate predictor variables in the suite of models for total parasite species richness were: movement strategy, habitat diversity (log), body mass (log), absolute mid-range latitude and geographical range area (log); geographical range area was not present in any of the four best models. Candidate predictor variables for models of estimated macroparasite and microparasite species richness were: movement strategy, habitat diversity (log) and body mass (log). (table 1) . Migratory species had, on average, slightly larger body mass than resident species (electronic supplementary material, figure S3 ). Even after using the Chao2 estimator to control for sampling effort, the residuals of the averaged model contained a weak albeit significant signal of sampling effort (R 2 ¼ 0.047, p ¼ 0.036). In an alternative set of models that explicitly considered sampling effort (thus diminishing the signal of sampling effort in the residuals: R 2 , 0.001, p ¼ 0.955), the effects of movement strategy, habitat diversity and other variables were qualitatively similar to those from the model of estimated parasite species richness (electronic supplementary material, table S4). The pattern of higher parasite diversity in migratory species was consistent for microparasites but not for macroparasites (table 1; figure 2b,c). Additionally, migrants had higher species richness of contact-transmitted parasites than resident and nomadic species, but this pattern was not present for environmentally transmitted parasites (electronic supplementary material, table S5); the majority of contacttransmitted parasites were microparasites (65%, s.e.: 4.0%), whereas the majority of environmentally transmitted parasites were macroparasites (80%, s.e.: 2.0%).
In our analysis of parasite prevalence in relation to migratory behaviour, we found that 86 parasite species had sufficient prevalence data; these were sampled from 61 ungulate hosts and included 31 species of helminths, 23 viruses, 14 arthropods, 12 bacteria and 6 protozoa. Per-parasite infection prevalence tended to be higher in migratory than in resident species (figure 3), but this difference was small and not significant (3.5%, CI: [0.00, 0.69]).
Discussion
Our analysis of parasitism and movement strategies in wild ungulates showed greater parasite diversity in species with at least some populations that migrate than in those that have no migratory populations, similar to patterns previously shown for waterfowl [7] . This result, in combination with the strong positive association between habitat diversity and parasite diversity, supports both the environmental sampling and environmental tracking hypotheses.
The most widely suggested mechanism driving increased parasite diversity in migrants is environmental sampling, where migrants are exposed to more diverse parasites as they cross large geographical distances, move through different habitat types, and contact more con-and heterospecifics [3, 6, 12] . In support of this process, we found that habitat diversity, measured as the number of ecoregions in a species's geographical range, predicted higher parasite diversity in ungulates. In fact, habitat diversity was a better predictor of parasite diversity than was geographical range area, suggesting that environmental sampling is a key mechanism driving established positive relationships between geographical range area and parasite diversity across taxa [39, 42, 44] . However, movement strategy did not predict the diversity of habitats in a species's geographical range (see also [61] ), and our final model included effects of both habitat diversity and migratory behaviour, indicating that migration itself is associated with higher parasite diversity independent of any increase in the diversity of sampled habitats. Thus, while environmental sampling might increase parasite diversity, separate mechanisms are necessary to explain the positive relationship between migration and parasitism in ungulates.
By tracking favourable environments throughout the year [17 -19] , migratory species might increase both their own fitness and that of their parasites. Parasites infecting resourcetracking hosts could benefit from reduced seasonality and conditions favourable for survival (e.g. relatively high moisture), in a similar way as stably high productivity promotes higher diversity of free-living organisms [62] . Although nomadic ungulates also move to follow resource availability [63] , these animals often live in regions where conditions are harsh and highly variable [21] , which should reduce infected host survival, parasite survival and parasite transmission [64] . Indeed, the lower parasite diversity we observed in nomads when compared with migrants could be related to the difference in the average environmental harshness experienced by these two groups [21] , providing support for environmental tracking as a key mechanism that increases parasite diversity in migrants.
In addition to environmental factors, migratory species may share life-history traits that promote exposure to, and persistence of, a diversity of parasites. In particular, highly mobile ungulates tend to be social [65] , probably because aggregation and social contact provide protection from predation [65] and facilitate the collective knowledge that aids in navigation [66] . Accordingly, the migratory ungulates in our dataset had, on average, larger population group sizes than residents (figure 4). Large group sizes often increase infection risk [11, 67, 68] and should affect contact transmission more strongly than environmental transmission [67, 69] . Consistent with this expectation, we saw that migratory behaviour was positively associated with species richness of microparasites and contact-transmitted parasites, but less so with species richness of macroparasites and environmentally transmitted parasites. However, we did not see the same pattern of parasite diversity in nomads, which are also often social and can display impressive aggregations [21, 64, 70] , and had intermediate group sizes in our dataset. Whether this difference could again be due to differences in environments inhabited by migrants and nomads requires further investigation. Overall, our results suggest that social rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180089 behaviour could promote associations between migration and parasitism, and call for further development of mechanistic models of the interactions between these three traits. Consistent with our findings on parasite diversity, we found a small but positive effect of migratory behaviour on parasite prevalence. This result was in the opposite direction of predictions from prior work on migratory escape and culling, which show lower infection prevalence in migratory hosts [3, 9, 27, 28] . This discrepancy in prevalence patterns may stem from characteristics particular to ungulates. Specifically, parasite sharing with domestic livestock [71] and high plasticity in movement behaviour, including partial migration [34] , could weaken the effects of migratory escape by allowing year-round parasite transmission. In addition, though the stresses of migration can suppress immune function to some extent [72] , it may be less physiologically demanding for energy-minimizing ungulate migrants that feed as they move [17, 73] than for time-minimizing flying migrants [74, 75] , thus reducing the effects of migratory culling. Interactions with other ecological processes may also mask relationships between parasitism and migration. For example, predation can reduce parasite prevalence in prey populations when predators cull infected hosts [76] , but if migration allows escape from predation [5] , it could result in higher parasite prevalence in migratory prey. Finally, evidence for lower infection prevalence in migrants comes from within-and between-population comparisons of single host species, whereas in this study we examined parasitism at the multi-species level. Comparisons across scales are rarely straightforward in ecology, and unexpected patterns at higher levels can emerge from interactions of mechanisms at lower levels [77] . Further studies of the processes that link these hierarchical levels and that operate at the intermediate scale (i.e. differences among populations of the same species) are needed to better understand drivers of parasite diversity and prevalence across scales.
In interpreting our results it is important to note that high parasite diversity on the species level does not necessarily indicate that all individuals or populations of a host species harbour diverse parasite communities, nor does it imply that hosts are suffering from high costs of disease [39] . For example, in partially migratory species, resident and migratory populations might show differences in parasite diversity, with some populations having lower disease risk. In addition, high parasite diversity does not necessarily predict reduced host fitness, and can even reflect low parasite virulence or high host tolerance of infection [78] . Host investment in immune defense can also lead to variation in disease risk across individuals. In birds, immune function can be downregulated prior to migration as animals allocate energy towards preparation for flight [72] , but comparative analyses have shown that migratory birds may have more immunity-related genes than resident species [79] and generally invest more in development of immune defense [80, 81] . The relative importance of these processes and how they influence broad-scale patterns of parasite diversity in hosts with different movement behaviours is still unclear. Comparative studies of immune function in relation to movement behaviour would help identify whether differential resistance and tolerance to infection drive patterns of parasite diversity in migratory hosts.
Human alterations to natural systems have diminished or even eliminated the annual journeys of many migratory populations [37, 38] . It is not yet clear how these changes will affect parasite biodiversity, which is a crucial regulator host population sizes, community dynamics [82] and evolutionary diversification [44] . If migration increases parasite transmission and persistence independent of other host traits, and if migratory hosts harbour specialist pathogens not found on other hosts, then the loss of migratory behaviour could lead to parasite extinction even without host extinction. Moreover, parasites have been implicated in the decline of many threatened species, including the high-profile example of the migratory and nomadic saiga antelope [83] . Our results show that migrants have greater parasite diversity; however, it remains unknown whether migrants might be more susceptible to unexpected disease-related declines, which could increase the number of threats facing these already-vulnerable animals. Given the importance of wild ungulates for human use [13] , as well as their potential to transmit pathogens to domestic livestock [71] , understanding how migratory ungulates are affected by their high parasite diversity is a question of both conservation and economic importance.
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